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ABSTRACT

Context. The inner regions of planet-forming disks hold invaluable insights for our understanding of planet formation. The inner disk
regions that might be affected by already formed planets are of particular interest. The disk around the Herbig star HD 100453 presents
one such environment, with an inner disk that is significantly misaligned with respect to the outer disk.

Aims. This paper expands the existing H band (PIONIER) and K band (GRAVITY) interferometric studies of the inner disk of
HD 100453 to the L band with the MATISSE VLTI instrument. Based on snapshot data spanning approximately four years, we aim to
understand the inner disk structures and their potential time evolution better.

Methods. Based on the MATISSE data we obtained, we used a combination of analytical models and image reconstruction to constrain
the disk structure. Additionally, we fitted a temperature gradient model to the selected wavelength range of PIONIER, GRAVITY, and
MATISSE to derive the physical properties of the inner regions.

Results. Our parametric model determined an inclination of ~47.5° and a position angle of ~83.6°, which corroborates the strong
misalignment of the inner to the outer disk. From the symmetric temperature gradient, we derive an inner disk radius of ~0.27 au, with
dust surface densities of Zyp ~ 1073? g/cm? and a vertical optical depth Tosubl & 0.1-0.06. Same-night MATISSE and GRAVITY
observations show directional discrepancies that are inconsistent with a first-order azimuthally modulation ring. This indicates that
higher-order asymmetries are required to explain the interferometric signals. This interpretation is further supported by a MATISSE
snapshot image reconstruction that revealed a two-component asymmetric structure.

Conclusions. The chromatic interferometric data reveal that higher-order asymmetries are probably required to explain the inner disk
of HD 100453, which suggests a possible origin in dynamic interactions or disk instabilities. Coordinated multi-wavelength infrared
interferometric observations with GRAVITY and MATISSE will be crucial to confirm these findings and uncover their underlying

nature.
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1. Introduction

Since the first exoplanet discoveries in the early 1990s, it has
been shown that many stars host planets in their inner few astro-
nomical units (au; e.g. Mayor & Queloz 1995; Lissauer et al.
2024). These close-in planets motivated the investigation of the
central regions of protoplanetary disks to expand and refine
planet formation theories (Drazkowska et al. 2023).

In the past decade, research with facilities such as Atacama
Large Millimeter/submillimeter Array (ALMA), Gemini Planet
Imager (GPI), and Spectro-Polarimetric High-contrast Exoplanet
REsearch (SPHERE) has shown that unlike the classical smooth-
disk paradigm, the outer regions of planet-forming disks in the
millimeter- and optical wavelength regimes are highly structured
and frequently show features such as gaps, rings, shadows, cres-
cents and spirals in dust and gas (e.g. Benisty et al. 2023; Bae
et al. 2023). In parallel, high-resolution interferometric observa-
tions with the Very Large Telescope Interferometer (VLTI) have
proven to be powerful tools in the infrared that can probe the
inner regions of planet-forming disks at spatial resolutions of
a few milliarcseconds (mas). This enables complementary and
unique investigations of structures in the regions of the inner
few au in the planet-forming disks (e.g. Lazareff et al. 2017;
GRAVITY Collaboration 2019, 2021a).

Some circumstellar disks show narrow or broad darker
regions in scattered light that are interpreted as shadow lanes
and have been thought to be caused by a misalignment between
the inner and outer disk due to a warp or tilt (e.g. Avenhaus
et al. 2017, Benisty et al. 2017, Benisty et al. 2023). The main
theories for inducing such a warped or misaligned disk are a
stellar or planetary mass companion on an inclined orbit or a
misaligned stellar magnetic moment (Facchini et al. 2018). The
occurrence rate of inner-outer disk misalignments is uncertain,
but some statistical studies have been made. Bohn et al. (2022)
investigated 20 transition disks with known shadow lanes with
near-infrared (NIR) interferometry and reported that six of them
at least showed a measurable misalignment. Villenave et al.
(2024) explored lateral asymmetries in edge-on disks and sug-
gested that these phenomena might also arise from a misaligned
inner disk region. Notably, 15 of the 20 investigated edge-on
disks showed this lateral asymmetry. This suggests that mis-
alignments between inner and outer disk regions are relatively
common overall.

We focus on one of these objects with a significant misalign-
ment between the inner and outer disk: the Herbig Ae system
HD 100453. The star is surrounded by a transition disk with
a large-scale spiral feature in its outer disk that is visible in
both mm and scattered light, and a clear shadow lane that indi-
cates disk misalignment (Benisty et al. 2017; Rosotti et al. 2020).
The large gap between the inner and outer disk is thought to
be caused by an undetected exoplanet (M, < 5My,,) located
between 15 and 20 au (Nealon et al. 2020). On the other hand,
the spiral feature and the misalignment of the outer disk are
attributed to the stellar companion, which orbits at a projected
distance of ~109 au. This companion orbits on a significant
misaligned orbit that affects the outer disk through the Kozai-
Lidov mechanism (Collins et al. 2009; Gonzalez et al. 2020,
Xie et al. 2023). Recent VLT/SPHERE observations ruled out
inner companions with M, > 50 My, in the separation range of
10-190 mas (1.0-19.7 au) from the central star (Stolker et al.
2024). The misaligned inner disk has also been observed with the
VLTI Precision Integrated-Optics Near-infrared Imaging ExpeR-
iment (PIONIER) and GRAVITY instruments, which found
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Table 1. Stellar and disk properties of the HD 100453 system.

Parameter Value Reference
HD 100453 (A)

Spectral type A9 -FO0 1)
Mass 1.6 + 0.05 Mg, €))
Radius 1.58 + 0.06 Ry, D
Teft 7250 + 125 K D
Age 6.5-19.2 Myr (D), (2)
Distance 103.61 £ 0.24 pc @))]
Luminosity 6.2+0.14 L, (€))
Companion (B)

Spectral type M4.0V — M4.5V 3)
Mass 0.18 £ 0.03 My 3)
Age 8—12 Myr 3)
Projected separation 1.05” (~109 au) 3)
Disk(s)

Inclination (outer) 38° 4)
Position angle (outer)? 142° (@)
Inclination (inner) 48.7°-46.1° (%), (6)
Position angle (inner)? 80.8°-81.6° (5), (6)
Asym. angle (inner, K band)? —106° + 4° (6)
Hypothesised planet

Mass (theory) <5Myyp @)
Mass (non-detection) <50 Myyp ®)
Estimated distance 15-20 au 7)
Estimated period 45-72 yr

Notes. @OQutside L band AT field of view, pinhole = 1.51/D ~ 0.60".
® All angles are defined as north to east. (1) Guzman-Diaz et al. (2021);
(2) Vioque et al. (2018); (3) Collins et al. (2009); (4) Benisty et al.
(2017); (5) Lazareff et al. (2017); (6) Bohn et al. (2022); (7) Nealon
et al. (2020); (8) Stolker et al. (2024).

approximate half-light radii of 2.63 + 0.06 mas (0.27 au) at
1.65 pum, and 3.04 + 0.05 mas (0.31 au) at 2.25 pm, respec-
tively (Lazareff et al. 2017; Bohn et al. 2022). The recovered
inclination and position angle aligned well with the shadow lane
in scattered light SPHERE data. The GRAVITY closure phase
data showed a preference for a first-order asymmetry, with a flux
skewness of Agw ~ 14.6 £ 1% along the major axis (Gskwpa =~
—106° + 4°) in the south-west. In Table 1 we summarise a
few of these relevant system properties in the context of our
research.

We present the first interferometric L band observations of
the inner disk region of HD 100453 with the aim to describe the
continuum dust structures and asymmetry. In Sect. 2 we describe
the observations, selection, data reduction, and calibration, and
we discuss the reduced observations. In Sect. 3 we present the
results of the parametric modelling, of the time variability anal-
ysis, and of the image reconstruction. In Sect. 4 we present
a combined model using published PIONIER and GRAVITY
data. Finally, we discuss in Sect. 5 some interpretations and
implications of our findings.
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Fig. 1. Overview of the uv space and timeline covered by the selected
MATISSE observations. Each night is indicated with a unique marker.
The colour represents the AT station configurations.

2. Observations and data reduction
2.1. VLTI/MATISSE

The observations of HD 100453 were made with the Multi
AperTure mid-Infrared SpectroScopic Experiment (MATISSE;
Lopez et al. 2014; Lopez et al. 2022). MATISSE can inter-
ferometrically combine the light of a target in the L, M, and
N bands (3.0-4.0 um, 4.6-5.0 um, and 8—13 wm) with either
the four 8.2 m diameter Unit Telescopes (UTs) or the 1.8 m
diameter Auxiliary Telescopes (ATs), with baselines spanning
from ~15 to ~200 m. The data for HD 100453 were obtained
with the UTs and a variety of AT arrays between May 2019 and
March 2023 as part of the MATISSE guaranteed time observing
campaign. Table A.1 shows the relevant night and observation
information, and Fig. 1 shows the (u,v) space sampling from
the selected datasets. With the baselines we used, we probed the
disk structures at a beam resolution of about 6 ~ f—; =0.59 au-

(IS%m) (3.6Aum) ( 103% pC)‘

The typical observation sequence consisted of a science tar-
get and a calibrator star, which were both observed with two
independent observation modes: chopped and non-chopped. For
chopped observations, the telescope field of view alternated back
and forth between taking data from the science target to tak-
ing the empty sky background, which was used to measure
more accurate total fluxes. Non-chopped observations remained
on target during the full duration, which enhanced the stability
of the interferometric fringe tracking of the observation. This
often results in better signal-to-noise ratios (S/N), but can be
biased at longer wavelengths because the atmospheric condi-
tions are different from those when the background calibration
is taken. When both were available in an observation sequence,
we used the visibilities of our chopped observations and the clo-
sure phases of the non-chopped observations (for more details,
see Lopez et al. 2022).

All datasets were reduced and calibrated using the pipeline
EsoRex DRS 2.0.2 (Millour et al. 2016) and the MATISSE
pipeline tools'. The DRS pipeline reduction followed standard
settings for incoherent reduction, with two key modifications.
The smoothing parameter hampelFilterKernel was set to
10 pixels to improve the photometric estimation (useful for faint
stars <5 Jy in L band AT). Additionally, the sliding-average
spectralBinning parameter was set to 5 or 75 pixels per
channel for low (1/AA ~ 34) or medium (1/AA =~ 500) reso-
lution, respectively, which increased the S/N and brought the
observation types effectively to the same resolution.

There are clear differences in the data quality of each dataset
after reduction that originate from different night conditions.
After we assessed the data, we found that a number of our
observations had to be excluded. In particular, the May 2019
UT, March 2022 ATs, and December 2022 AT sets were of
poor quality. These observations were all taken during turbu-
lent atmospheric conditions, which made the interferometric
fringe-tracking and measurements less reliable. The faintness of
HD 100453 (<4 Jy in correlated fluxes) in the N band is below
the recommended AT sensitivity limit, and the data are there-
fore very noisy at longer AT baselines. The weather conditions
during the May 2019 UT observations also resulted in poor N-
band data, although this might be salvageable in the future by a
planned improvement in the frame-flagging algorithm in the data
reduction pipeline. We therefore limited our study to the L band
continuum.

Unfortunately, we were not able to always use the entire spec-
tral coverage offered by the MATISSE L band because frequent
artefacts arose from atmospheric H,O absorption. Consequently,
the starting segment of the L band (<3.4 um) had to be excluded
from all datasets. Additionally, visibilities at longer wavelengths
in especially non-chopped observations were frequently biased
by the background subtraction, and they were therefore also
removed. The upper limits were chosen manually per dataset
in the range of 3.6—3.8 um, depending on where the distances
between the reduced visibilities stayed roughly constant. As a
result, our analysis primarily focuses on the continuum emission
from 3.4 to 3.8 um (see Appendix A).

After the reduction and calibration, each mea-
surement provided us with the total flux and the
following interferometric quantities: six squared visibilities
(ij(/l) = Lj()P?/(Pi(d) - Pj(Ax), and four closure phases
(®i(A) = Argll;j(A) - L(A) - I;,(D]), where I(2) is the Fourier
transform of the interferogram, P(2) is the photometric flux, and
Vl.zl.(/l) is the normalised squared visibility amplitude between
a telescope pair i and j. The indices i, j, and k correspond to
individual telescopes.

Figure 2 shows an overview of the visibilities V(1) and clo-
sure phases ®(1) of the MATISSE L band data that combines all
observing dates and only includes the selected wavelengths (see
Appendix A for the results for each individual observing date).
The visibilities in Fig. 2a decrease from ~0.9 on short baselines
(~3 MQ) to 1073 on baselines >30 MA. The visibilities do not
reach 1.0 on short baselines, which indicates that ~10% of the
flux is distributed on scales >35 mas (<3 MA). Observations on
baselines with similar lengths, but different position angles show
a different slope of the visibility amplitude versus baseline curve.
This indicates that the emission follows an elongated shape.
Figure 2b shows that the closure phases reach a few degrees out

I MATISSE pipeline tools are available separately as an addi-
tion to the standard DRS software; https://github.com/
Matisse-Consortium/tools
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Fig. 2. Calibrated squared visibilities and closure phases from all the selected MATISSE observations.

to 20 MA and start to deviate by 10°s to 150° on longer baselines.
The latter suggests an asymmetry on scales of ~3 mas.

2.2. VLTI/PIONIER and VLTI/GRAVITY archival data

To complement our modelling, we also included published cal-
ibrated interferometric data in A band (1.5-1.8 wm) and K
band (2-2.5 um) from the PIONIER and GRAVITY VLTI
instruments, respectively. The data from programme IDs 190.C-
0963 and 106.21JR.001 were retrieved from the JMMC Optical
interferometry DataBase” or were directly provided by the prin-
cipal investigators. The 11 PIONIER observations cover earlier
times between December 2012 and February 2013, and the 7
GRAVITY datasets fall within our MATISSE timeline, with data
between December 2020 and March 2021 (for details of the
reduction and observation for the PIONIER and GRAVITY data,
see Lazareff et al. 2017 and Bohn et al. 2022).

3. Analysis of MATISSE observations

In this section, we present the analysis of the MATISSE data
in three parts. In Sect. 3.1 we describe our parametric time-
invariant chromatic modelling, and in Sect. 3.2 we examine the
time variability of the observed asymmetric dust feature, fol-
lowed by an exploration of the image reconstruction in Sect. 3.3.

3.1. Parametric modelling

For the parametric modelling of the squared visibilities Vf and
closure phases ®@,, we employed the open-source software pack-
age oimodeler® (Meilland et al. 2024). Following the method
of Lazareff et al. 2017, we assumed a disk model constructed
with an asymmetric infinitesimally thin ring, described with
parameters riing, fpa and e, plus a first-order azimuthal modu-
lation, described with parameters A, and Ogwpa. The complex
visibilities Vipin ring are given by

Vthin ring(q) = JO(Zﬂrringq) - lJl (anﬁngq) : Askw sin(‘{/)’ (1)

2 http://oidb. jmmc.fr/
3 https://github.com/oimodeler/
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with
Y =0, + (Bskwpa — Opa)
q = [((ucos(@ps) — vsin(@pa)) /e)*

+ (usin(Bpa) + vcos(@pp))?]™.

Here, Jy and J; are the Bessel functions. This infinites-
imally thin modulated ring was convolved with a pseudo-
Lorentzian/Gaussian kernel with parameters ry and fior to
describe the radial extent of the ring. This resulted in the
following description for the complex visibility:

_ (mreq)? 2nrvg
Vkernel(Q) = (1 - fLor) - eXp (_ 11’1(2) ) + fLor - €Xp (_ \/3 )
Vasym. ring(Q) = Vihin ring(Q) * Viernel(q)- ()

Furthermore, the stellar contribution was assumed to be unre-
solved V(g) = 1. The flux contributions are chromatic and follow
a spectral power law, that is, for the circumstellar material,
Vasym. ring (@) * fc(/f—o)k*, similar to Eq. (4) in Lazareff et al. 2017
(Ao = 3.5um). The stellar spectral index was determined by its
blackbody temperature, and the extended emission was assumed
to follow the same power law as the circumstellar material. We
also tested a varying spectral index of the extended halo, but this
had little effect on the fit quality. The parameters defining this
model are further listed in Table 2.

Table 3 shows the best-fit parametric values found by a
Xz-minimisation with the Markov chain Monte Carlo (MCMC)
algorithm using the emcee Python package (Foreman-Mackey
et al. 2013). For the parametric models, we used 32 walk-
ers, 4000 steps, 1500 steps of burn-in time, and flat priors.
We explored three model variants: model (1) was a symmetric
inclined dust ring, with a stellar flux contribution and larger-
scale flux captured as ‘halo’; model (2) was the same, but a
first-order azimuthal modulation was added to the ring; model
(3) was the same as model (2), but the disk orientation, size, and
flux ratio were fixed to the best-fit values for model (1).

The models yield an inclination of 47.5-48.2 degrees and
a position angle of 83.6—85.9 degrees. This agrees to within
a few degrees with previous interferometric work in the H
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Table 2. Description of the model parameters.

Parameters Description

la 10-log of the approximate half-light radius:
I, = log,( ,/rfmg )

lir 10-log of the kernel half-light ratio: I, =
log;(¥i/Tring)

Jior Fraction of the pseudo-Lorentzian versus
Gaussian profile in the kernel.

Opa Position angle® of the ellipse semi-major axis.

e Ring elongation = 1/ cos(Pinclination)-

Agkw Amplitude of the azimuthal modulation.

OswpA Position angle? of the asymmetry.

fs Fraction of the total flux originating from the
unresolved central star.

fe Fraction of the total flux originating from the
circumstellar material.

fn Fraction of the total flux completely resolved at
the shortest baselines of our data, representing
a spatially extended emission component (also
known as ‘halo’), fixed as f, = 1 — fs — f<.

ke Spectral index of the circumstellar material:

i,

Notes. @Defined as counter-clockwise, i.e. N—=E = 0° — 90°.

Table 3. Fit results of the parametric models to the L band data.

Parameters (1) Sym. (2) Asym. (3) Asym.
Iy (mas) 0.590’:8:88} 0.589f8:88} M
Ler —0.04lj8:88§ —0.005’:8:88% M
fior 1000y, 0.9600%0 O
e 1.500*5002  1.481%0902 (D
B () (@8.197007) (47537007 )
Opa ®) 85.88f8:{§ 83.57j8:{j M
Agon - 031510003 (28270003
Oswpa (©) - 18.33j8:{; 14.54j8:8§
ke 0.37f818(75 1.83f8:}8 M
" 0040057 0031806 O
I 0735058 o3l o
sz,viSZ 2.8 2.8 2.8
sz,% 13.4 7.4 74
X2 7.0 4.7 4.7

Notes. The values represent median values with 16-84% quantile val-
ues. Models 1, 2, and 3 represent a symmetric ring, an asymmetric ring,
and an asymmetric ring. All parameters except those controlling the
asymmetry were fixed to the best-fit values of the symmetric model (see
Appendix D for a discussion of the uncertainties). ”Elongation was
converted to inclination for convenience. YSame value as model 1.

and K bands, as shown in Table 1. The half-light radius size,

,/rfing + r]% ~ 3.89 mas, is slightly larger than for GRAVITY

(~3.02 mas) and PIONIER (=2.63 mas; Lazareff et al. 2017,
Bohn et al. 2022), which shows a modest but clear increase with
wavelength. This is expected because at longer wavelengths, the
radiation contribution of cooler material that is located farther
away from the star increases.

The data also show that an asymmetry needs to be included
in the disk because of the significant closure phases on the
longest baselines. Figure 3 shows the best-fit model, which cor-
responds to an stationary asymmetric ring model. Table 3 shows
that models (2) and (3) differ slightly in the strength and posi-
tion of the asymmetry, depending on the order in which we fitted
the disk parameters. Nevertheless, they still agree overall for the
asymmetry with stronger emission north-east of the disk.

3.2. Constraints on the time variability through MATISSE
epochs

Our parametric fit places the asymmetry at an approximate
projected distance of ~0.4 au with respect to the central star.
Assuming Keplerian orbital motion, the period of an object
at this distance is =73.9 + 1.4 days (using the mass and dis-
tance from Table 1). This raises the question whether the disk
parameters obtained from the asymmetric-ring fit of Sect. 3.1
are affected by smearing in the time domain. To investigate the
variability of the asymmetry, we split the dataset into six separate
time epochs (see Table A.1), each containing at least a medium or
large AT array. For each epoch, we fitted the asymmetry ampli-
tude Ag, and angle 6g,pa and kept the other disk parameters
fixed to the best-fit values of asymmetric model (2).

The fitting results in Fig. 4 clearly show improvements to the
reduced y? by making the asymmetric angle and strength epoch
dependent. The best-fit asymmetry angle constraints differ for
the epochs, likely due to variations in the number of datasets,
data quality, and AT configurations. The non-overlapping con-
fidence intervals between some of the epochs are a potential
indication for time variability. The relatively high y? values sug-
gest, however, that the model might still not capture the full
underlying complexity.

3.3. Image reconstruction

Since the disk structures might be variable in time, we had to
ensure that we did not smear out our signal by combining differ-
ent epochs. Of all our epochs, the four 2021 observations were
closest in time (~11 days), and provide a well-sampled uv plane.
This allowed us to perform a simplistic image reconstruction by
assuming that the probed disk structures are roughly stationary
over this time.

For our image reconstruction, we used the software
SPARCO/MIRA v2.3.2 through the JMMC Ol-imaging tool*
(Thiébaut 2008; Kluska et al. 2014). SPARCO is a parametric
approach for chromatic image reconstruction, where the image
is modelled as a sum of (chromatic) geometrical models and
the reconstructed image. We modelled the star geometrically
as a central blackbody point source with a temperature of 7 =
7250 K. For the reconstructed image chromaticity, we assumed
that the disk was well described by a single-temperature black-
body at T = 1445 K, where the latter provides a good fit to the
SED for our wavelength range (see Appendix C). We reiterate
that this temperature holds no more physical meaning than a
power law, for example, and that this method was purely used as
an approximation of the wavelength dependence of the flux ratio
of the inner disk relative to the star. We used a compactness reg-
ularisation function that favoured image structures in the central
region of FWHM ~40 mas. As an initial image prior, we took
two circular Gaussians with FWHM = 5.5 and 40 mas, with a
total field of view of 70 x 70 mas and a size of 0.5 mas per

4 https://www.jmmc.fr/tools/data-analysis/oimaging/
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pixel. We ran the algorithm twice consecutively with 200 iter-
ations and took the first intermediate result as the next image
prior. We reached a reduced y* ~ 0.88.

Figure 5 shows the reconstructed MATISSE image together
with the beam. The image only shows the reconstructed circum-
stellar emission and omits the central stellar point source. The
uv sampling resulted in an elliptical dirty beam with half-widths
at half-maximum of 2.2-5.3 mas and weak side lobes. On the
large scale, we found no significant L band structure, except for
an imprint of the side lobes. This is expected because we lack
the fidelity to detect the ~10% of flux that is distributed over this
larger area. On smaller scales, the general emission agrees with
the position angle and shape found in the parametric modelling.
Moreover, to explain the closure phases, the algorithm preferred
to place some emission in two separate components approxi-
mately east and west of the star. We experimented with priors
and the number of iterations for the algorithm and found that it
had no significant effect on the resulting position of the main
bright structures, but instead altered the details of the shapes or
gradually start to overfit.

4. Multi-instrument analysis

To assess whether a morphology with a more physically temper-
ature structure can reproduce the observed data, we integrated
our MATISSE observations with prior PIONIER and GRAVITY
results. This combined dataset spans a broad wavelength range
of 1.5-3.8 um. Using this coverage, we constructed a symmetric
two-dimensional (2D) power-law temperature gradient model,
which also allowed us to estimate key parameters such as the dust
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optical depth and surface density. We computed dust opacities
(x,) at the boundaries and central wavelengths of each spectral
band using optool (Dominik et al. 2021) assuming standard
DIANA conditions; pyroxene (70% Mg) and carbon, a dust pop-
ulation ng,y o< a2 with particle radius aqyy € [0.05 wm, 3mm],
and a porosity of 25% (Woitke et al. 2016).

For our simplified model, we assumed an inclined con-
tinuous disk with temperature and surface density power-law
profiles of T(r) = TO(R—’m)“]T and X(r) = ZO(RLN)"’Z, which
dropped to zero outside the inner and outer radii, R;, and Ry,
respectively. The surface brightness was calculated with the
equation of radiative transfer 1,(r) = (1 — e ™")B,(T(r)), with
7,(r) = Z(r)k,, where B, is the blackbody radiation (Rybicki &
Lightman 1979). For the central point-source star, we adopted
the same literature values as in previous sections (see Table 1).
The extended emission was modelled with a series of power
laws F(1) = Abg(%)’f’hg in which each instrument had its
instrument-specific parameters so that it was agnostic about the
overall spectral shape. We assumed an inner dust sublimation
temperature 7y = 1500 K. The position angle and inclination
were fixed on the PIONIER/GRAVITY/MATISSE averaged val-
ues of the best visibility fit parametric ring models 6py = 82.0°,
Oinc ~ 47.4°, which also corresponds well with the observed
shadow lane in scattered light data (Bohn et al. 2022). The outer
radius in particular is hard to constrain with our data because our
infrared wavelengths mostly contain information on the warmer
inner regions of the disk. We used 25 walkers, 3000 steps,
1000 steps of burn-in time, and flat priors. Table 4 presents the
fit parameters obtained from the MCMC analysis. To show the
effect on our results, we selected two values for the outer radius,
approximately 2 au and 10 au. The latter is roughly halfway
to the gap edge of the outer disk as seen by ALMA. The two
Rou: choices yielded only marginally different values overall.
Figure 6 shows the best-fit model for the Ry, = 2 au case.
The inner radius falls around 0.272 au or 2.62 mas, and addi-
tionally, the fitted inner disk surface density is approximately
10732 g/ecm?, corresponding to optically thin vertical optical
depths 7, 4yp1 & 0.1-0.06 for the H, K, and L band wavelengths.

Table 4. Temperature gradient model-fit parameters.

Fixed parameters Value

Ty (K) 1500

PA ) 82.0

incl. ) 474

Rout (au) 2 10

Parameters Value

Rin (au) 0.272+3001  0.272+3001
(mas) 2.6310002 2.62+0002

qr 105670007 1.067+0.52

log,o(Zo) (g/em?) —3.227*3001 —3.208+0-001

logo(px) —436753  —4.32505

Apio (1.65 um)  (Jy) 0.279*0007  0.285+002

Ppio —3.22%555  —3.14%

Agay (222 um)  (Jy) 0.486* 0001 0.488*0001

Perav —3.073f0:005 —3.025f0:005

Amat (3.6 um) Jy) 0.694j§:§80§5 0.70jg:§8%05

Pimat 0471505 0431500

X%, oral 7.7 7.5

X PIONER 16.8 17.2

X E,GRAVITY 9.2 9.0

X%,MATISSE 2.6 2.5

Notes. The fitted values represent the MCMC median with 16-84%
quantile values. The reduced y? was calculated for the visibility data.
The two columns highlight the (lacking) effect on the results by
the choice for outer radius (see Appendix D for a discussion of the
uncertainties).

We note that the wavelength dependence of the background
halo, which is thought to be caused by quantum-heated particles
(Klarmann et al. 2017), follows a spectral shape similar to the

A256, page 7 of 17



van Haastere, L. N. A., et al.: A&A, 708, A256 (2026)

PIONIER x>= 17.16 GRAVITY X2 = 9.02 MATISSE X2 = 2.49 o
— data —— model - data —— model - data —— model 4
0.8+ 35 0.8 35
L
2 0.6 // , 30_ 0.6 3.0 _
= € €
= q’l ] // =z / 3
0 0.4+ d 25~ 0.4 / 25~
> //l’ 4
0.2+ 2.0 0.2 %/ 2.0
0.0 T T T T 1.5 0.0 T /. 1.5
0 20 40 60 80 0 20 40 60
B/A (x109) B/A (x109)
7
6 —_
57
42
g
£

a(mas)

a(mas)

a(mas)

Fig. 6. Best-fit symmetric temperature gradient model. Top panels: measured and modelled visibilities. Bottom panels: surface brightness distribu-
tion. The size of the central point source is not to scale, and the colour scaling is homogeneous for all wavelengths.

single-temperature blackbody estimate for the SED (Fig. C.1).
The model underestimates the total NIR flux overall compared
to the literature SED by 10-45% in the respective bands.

5. Discussion
5.1. L band emission region and the dust sublimation radius

Determining the temperature and structure of the inner disk
rim is a complex problem that strongly depends on the dust
properties. Our best-fit inner radius from the temperature gra-
dient model (Table 4) agrees well with the evaporation radius
estimated by Klarmann et al. (2017) (Revap. = 0.27 au). The tem-
perature gradient model, however, which is based on standard
DIANA conditions and was used in both studies, includes small
silicate grains. This is likely inconsistent with the N-band spec-
tra. Previous SED analyses of HD 100453 attributed the absence
of its 10 pm silicate emission feature to a depletion of small
(<4 um) silicate grains (Meeus et al. 2003). As this issue is
less relevant for the H, K, and L bands because the opacity
behaves more linearly, we proceeded without accounting for it
here. Nonetheless, future high-quality N-band observations with
the UT telescopes would be invaluable for constraining the dust
masses, composition, grain sizes, and crystallinity in this system,
similar to the approach taken by Varga et al. (2024).

5.2. Time variability

A known source of asymmetry at short NIR wavelengths in
inclined disks is obscuration by the dust torus (Kessel et al. 1998;
Dullemond & Monnier 2010), which causes an emission peak
along the minor axis of the projected inner disk. Some possible
sources of asymmetries around the major axis might be a rotat-
ing vortex, spiral, or dust clump, similar to what was observed
in recent inner disk studies (GRAVITY Collaboration 2021b;
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Varga et al. 2021; Ibrahim et al. 2023; GRAVITY Collaboration
2024), or an eccentric disk (Ataiee et al. 2013).

As mentioned in the introduction, Bohn et al. 2022 found
that the HD 100453 inner disk K band emission for a time-
independent fit was well described by a disk with a slight
asymmetry along the major axis in the west, at Ogxwpa ~ —106° £
4. In Sect. 3.2 we determined the best-fit values for the asym-
metry angle for our separate MATISSE epochs. Most L band
epochs also favour an asymmetry that is oriented along the major
axis, typically toward the east. Epoch 2021a is an exception and
instead prefers an orientation along the northern minor axis (see
Fig. 4).

To first order, the inclined obscuration effect is unlikely to
be the source of the observed asymmetry in general because the
major axis positions are more consistent with a dynamical ori-
gin. The L band observations were quite sparse in time, and we
were therefore unable to use the L band to constrain potential
motion. This analysis can be performed for the separate GRAV-
ITY nights, however, which sample much closer in time (seven
nights in about 90 days). Following our previous method, we first
fitted a general asymmetric ring model to do this, and we then let
only the asymmetry parameters Ggwpa and Aggy vary in time (see
Fig. 7). Curiously, the K band epochs showed that the preferred
asymmetry angle estimates remained quite stable in the south-
west over the probed timescale. This appears to contradict the
estimated Keplerian motion in this region, whose period spans
around R;, ~ 41 + 0.8 days to [, = 73.9 + 1.4 days.

The only two epochs that are close in time, MATISSE
2021a and 2021b, change in their best-fit asymmetry angle by
~90 degrees within only about 8 to 11 days. This timescale
appears to be more consistent with Keplerian motion, but
is somewhat faster. With the sparse temporal coverage, it is
impossible to determine whether this shift reflects a genuine
orbital evolution or observational limitations, however. Unlike
the GRAVITY epochs, the two MATISSE epochs do not probe
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Fig. 7. MCMC results for the asymmetry angle of the first-order skewed
ring model using MATISSE data from the 2021ab epoch (orange),
alongside re-reduced GRAVITY data (blue) that were obtained close
in time (similar to Fig. 4). The horizontal dashed lines indicate the aver-
aged H, K and L band estimates for the direction of the semi-major axis
of the inner dust ring. In the top left corner, we indicate the approximate
Keplerian period based on the stellar parameters, the best-fit tempera-
ture gradient inner radius R;, , and the parametric half-light radius /,.

identical spatial scales. The 2021a long baselines are more sen-
sitive to smaller-scale variations than the medium and short
baselines in 2021b. If the source morphology is intrinsically
more complex than a simple first-order asymmetry, these differ-
ences in spatial sensitivity might bias the retrieved asymmetry
angle.

5.3. Higher-order asymmetries and chromaticity as seen by
MATISSE and GRAVITY

In Sect. 3.3 we reconstructed an image based on the combined
2021 MATISSE snapshots, which when combined, have a decent
uv sampling. The observations might be explained by disk-like
emission with two higher-intensity components in the two major
axis directions (east and west). This second-order-like modu-
lation agrees better with potential asymmetries caused by disk
instabilities, such as a spiral, than with inclined obscuration
effects. Because our data are limited and the four snapshots span
8 to 11 days, the features should be interpreted with some cau-
tion. Some time-smearing effects are unavoidable with VLTI
imaging because the telescopes must be moved physically to
fill the uv-space. Our reconstruction is probably mostly affected
by the 8.5-day difference between the large and medium arrays,
which probe the smaller-scale variations. At Keplerian rotation,
this gap might correspond to a potential shift of ~41 degrees at
the half-light radius or to a shift of up to =75 degrees at the inner
rim. If the dust rotation is slower than Keplerian, however, as
seen in other protoplanetary disks, the potential time-smearing
might also be smaller by a factor of ~2 (Ibrahim et al. 2023;
GRAVITY Collaboration 2024; Setterholm et al. 2025).
Serendipitously, two of our MATISSE/GRAVITY observa-
tion nights overlap. This allowed us to directly compare the disk

asymmetry without having to account for time variability. The
best-fit position angles for the first-order asymmetry between the
instruments differ by about 90 to 100°, indicating a chromatic
or (probed) spatial scale effect between the K and L band. The
corresponding observations are presented in closer detail side by
side with simulated closure phases from the skewed ring models
in Appendix E.

We verified that this mismatch between the preferred direc-
tion for GRAVITY and MATISSE of the asymmetry corre-
sponded to a real difference in the emission at these wavelengths
and was not introduced by the data processing. The closure
phase measurements were verified using multiple versions of
the reduction pipelines: the MATISSE DRS pipeline 1.7.5 and
2.0.2, and a re-reduction for published GRAVITY data with the
newer GRAVITY pipeline 1.7.0. Our calibrator star observations
showed no anomalies either. The differential and closure phases
both remained close to zero. We also verified the same cali-
brator star observations by reducing and modelling a science
target on the same night with known asymmetry using the same
model as described in Sect. 3.1. The asymmetry direction was
consistent with the predicted asymmetry derived from models
based on previous GRAVITY data (van Haastere et al., in prep.).
Taken together, this strengthens our assumption that the appar-
ent chromatic mismatch in closure phases for MATISSE versus
GRAVITY in HD 100453 is a real effect that indicates a more
complex asymmetry and is not caused by an error in reduction
or calibration.

The complexity of the HD 100453 inner disk might require
an approach similar to Setterholm et al. (2025) to be untan-
gled. The authors observed the inner disk of HD 163296 at
high time fidelity with the VLTI/PIONIER and the Michigan
Infrared Beam Combiner (MIRC-X) at the CHARA Array and
parametrically modelled the asymmetry up to eighth order. We
experimented with higher-order asymmetries in our modelling
to explain the K and L band data. While the MATISSE data
improved in y? when higher forms of modulation were included,
as also apparent from the image reconstruction, the improvement
for the GRAVITY data is less clear. While the K band does not
exclude higher forms of modulation, the data do not explicitly
call for it. This smaller decrease in x? has to do with a smaller
overall amplitude of the modulation that is seen in the K band.

The connection between the brightness of an asymmetry and
closure phase (CP) is not quite intuitive (Monnier 2007). A large
phase signal might be thought to correspond to a strong asym-
metry, but a relatively weak asymmetry can cause a large CP
signal as well. The L band squared visibility versus baseline
plot in Fig. 2 shows that the visibility function reaches zero
at ~30 MA, which means that at this baseline, the real part of
the visibility Re(V) becomes negative. For a centrally symmet-
ric brightness distribution, when Re(V) > 0, the visibility phase
is 0°, while for Re(V) < 0, the phase is 180°. For a visibility
function without zero crossings (e.g. a Gaussian, Lorentzian, or
point source), Re(V) is always positive, and the closure phase is
always 0°. For any non-centrally symmetric brightness distribu-
tion, the phase can take any value between —180° and 180°. For a
ring-like image with an asymmetry, the phase therefore changes
gradually between these extremes and does not transition instan-
taneously between 0° and 180° (as seen in symmetric cases with
a zero crossing). Consequently, for certain asymmetries, signif-
icant deviations from zero phase may already be observed at
baselines prior to the visibility zero.

When we connect this to the measured CP signals, we also
note that although the PIONIER and GRAVITY datasets span
larger B/A (i.e. resolve smaller spatial scales than MATISSE),
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their measured closure phases are much smaller (<10 deg). This
can be explained by the significantly higher stellar flux ratio in
the NIR that causes Re(V) to remain positive at all baselines.
Despite the lower angular resolution of MATISSE, the mid-
infrared instrument might offer an advantage over NIR instru-
ments in this regard. At the MATISSE wavelengths, the lower
stellar flux-to-disk ratio increases the likelihood of encounter-
ing a visibility null, which leads to a significant phase jump and
makes asymmetries more detectable.

Possible explanations for a complex asymmetry in
HD 100453 are plentiful and extend from an accretion spi-
ral (tidal wake) that bridges the gap between the inner and outer
disk (Kraus et al. 2017; Bae & Zhu 2018) and asymmetries
driven by one or more undetected planetary companions inside
the cavity between the inner and outer disk to disruptions in
the inner disk from magnetospheric accretion (Zhu et al. 2024).
More stationary-like dust features along the major axis might
be caused by eccentric disk traffic-jam effects (Ataiee et al.
2013), but this fails to explain the chromatic or spatial scale
shift. Future studies aiming to solve this mystery would greatly
benefit from a simultaneous focused imaging campaign with
both GRAVITY and MATISSE on similar baselines to reduce
the dependence on the model assumptions.

6. Summary

We investigated the misaligned inner disk around the Herbig
Ae star HD 100453 using new L band VLTI/MATISSE inter-
ferometric observations. We used a combination of analytical
models and image reconstruction to probe the disk structure and
its physical properties. Our main focus points were to exam-
ine a previously reported asymmetry near the major axis and
to perform a multi-wavelength comparison using archival VLTI
PIONIER and GRAVITY data. Our main findings are listed
below.

1. Following previous work in K band, we parametrically mod-
elled the disk as a first-order azimuthally modulated ring.
Our L band modelling found an inner disk with an inclina-
tion of ~47.5° and a position angle of #83.6°, which agrees
with previous estimates at near-infrared wavelengths and
further corroborates the evidence of a strongly misaligned
inner-outer disk.

2. The x? was clearly improved when the asymmetry angle and
modulation strength were free to vary with each epoch. The
non-overlapping confidence intervals might indicate poten-
tial time variability, although we currently lack sufficient
time-sampled data to properly constrain material movement
and/or an induced brightness change caused by changing
illumination conditions through the inner disk.

3. By modelling the L band together with archival H and
K band data using a temperature gradient model, we
showed a possible physical interpretation of the emission. A
temperature-gradient disk with an inner radius of ~0.27 au,
a vertical optical depth of Tyr = 0.1-0.06, and inner disk
densities of about £y ~ 10732 g/cm? explains the visibili-
ties well. A high-quality N-band UT observation would be
invaluable to better constrain the dust mass, composition,
grain sizes, and crystallinity in this system.

4. By comparing same-night L band and K band observations,
we found that the best-fit first-order asymmetry angles differ
by about 90 to 100°. This chromatic/spatial-scale differ-
ence indicates that higher-order asymmetric structures (e.g.
a spiral or other substructures) are likely needed to explain
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the closure phase signals. This interpretation was further
supported by the MATISSE snapshot image reconstruction,
which preferred a two-component asymmetric morphology
rather than a simple first-order asymmetry. Further observa-
tions are needed to confirm these findings.
The inner disk is complex and might vary rapidly, and snapshot
observations only sparsely sample the available uv space in time.
We therefore recommend that future observing strategies focus
on targeted imaging campaigns, preferably close in time on both
MATISSE and GRAVITY to reduce the reliance on parametric
models.
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Appendix A: Overview observations

Table A.1 shows the night conditions and observation informa-
tion. An overview of the reduced visibilities and closure phases
split by measurement is shown in Fig. A.1.

v(m)  2019-06-10T01:13:19 15 CP(°) 1.0 vis? 1.0 vis? le—6
150 NCH ' NCH ’ NCH 3.575
100k 10F- 0.8F 0.8+ 3.550
L 5k - 3.525
30 f 0.6 0.6 _
ok 0 % 3.500 €
/ 04} — xoor L 0.4 =
L Ar K0-G2 Ar 3.475
—50 -5r — G2-D0 by
-100f _10k 02k — E;J; J— 02k \ 3.450
_150k — %05 J 3.425
L 1 L 1 L 1 L -15 PR IR I EE— R 0.0 I S S s IS RS | 0.0 PR I T I Y
-100 0 100 0 10 20 30 40 50 3.0 3.2 34 3.6 3.8 4.0 0 10 20 30 40 50
v(m) 2019-12-22T09:04:16 CP(°) vis? vis? le—6
0 0
150 15 nen| 10 E nen| 10 E NCH| | |3.75
r — F .
100k 10+ /J r L R 3.70
L - 10
col L 10 10 3 \ 3.65
ol r r E
ok 0 ~ 'V\ 5o | — r . 3.60 £
L 1072 K0-G2 1072 3.55
-50 sk £ oo p=] E \
—100F F— G243 F 3.50
100 -10- [ — Ko-DO B
—150F 1073k — «o3 1073 F 3.45
L 1 L 1 L 1 L —15 I IR TR ST R T TR T W ST SN [N T [ W | I T R T '
-100 0 100 0 10 20 30 40 50 3.0 32 34 36 3.8 4.0 0 10 20 30 40 50
v 2021-01-16T08:00:13  _  CP() 100 100 25 le—6
150 NCH ? CH ? i .
100 0 " o1l — 101k > 3.70
50+ = E \ 3.65
50 C C —
L C C S
0 L[ e = I \ ) 3.60 =
50k 100k 107 g— ao0aG1 107 3.55
100 E— G112 E
—100F F— e /\,\/\/m\« F | 3.50
_150k 47( F— A0j2 r
150+ 1073 E— o3 1073 ¢ 3.45
L 1 L 1 L 1 L PR IR I R = IS SR Sl [N IS N | PR I I I
-100 0 100 0 10 20 30 40 50 3.0 32 34 36 3.8 4.0 0 10 20 30 40 50
v(m)  2021-01-24T05:03:11 15 CP(°) 100 vis? 100 vis? le—6
150 NCH E CH E cH
= F fr— C \ 3.75
100 10 r —_ r N 3.70
5k 1071 1071 \ '
50+ r('{,‘ E E 3.65
or 0 =y F— Do j_/‘/ . ) 360 E
50k »” 1072k K0-G2 1072 A 355 =
-5r E— G2-00 E ’
—100F F— G2J3 F 3.50
00 —10F [ — Ko-DO i
-150+ 1073k — «o3 1073k 3.45
L 1 L 1 L 1 L —-15 PR IR I EE— R IR SR S N T NS BT | PR I I I
-100 0 100 0 10 20 30 40 50 3.0 3.2 34 3.6 3.8 4.0 0 10 20 30 40 50
u (m) B/A (x10°) A (um) B/A (x10°)

Fig. A.1. Overview of all selected HD 100453 MATISSE observations, with the selected wavelength ranges highlighted. From left to right: uv
space, closure phase, squared visibility vs wavelength, squared visibility vs baseline length. The ‘CH’ and ‘NCH’ in the corner indicates whether
the observable is taken from the chopped or non-chopped sequence. See Table A.1 for detailed night conditions.
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Fig. A.1. Continued.
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Appendix B: Highlight modelled asymmetry

The asymmetry in a skewed ring model can be difficult to clearly
discern in the image plane when visualized with a monotonically
increasing colour map. To enhance its apparentness, we used the
following method to isolate the asymmetric component:

L = LA = LY, ) (B.1)

Iv,norm = Iv(ﬁt)|

at argmin(Ty, i)

L air
A]v,asymm = (1 - Iv,norm) : Iv(ﬁt) - —l : Iv,norm s
min(L,, gifr)

where [,(fit) denotes the image plane of a fitted model, and
I, norm 1s the normalized intensity at the point on the ring located
180° opposite the peak intensity. This position defines the new
zero point in the resulting asymmetry image.

Appendix C: Spectral energy distribution

To compare our results with photometric measurements we col-
lected the V, Ggp, G, Ggp, J, H, K, WISE (W1-W4) and AKARI
(A1-A6) band photometric data from various surveys; Hippar-
cos (ESA 1997), GaiaDR3 (Gaia Collaboration 2023), 2MASS
(Skrutskie et al. 2006), WISE (Cutri & et al. 2012, Marocco
et al. 2021), AKARI (Ishihara et al. 2010, Yamamura et al. 2010).
Since the extinction Ay is approximately zero the data did not
need to be dereddened (Vioque et al. 2018). Figure C.1 displays
the spectral energy distribution of HD 100453 together with a
star and a single-temperature blackbody disk fit to the J, H, K,
W1, and W2 photometric bands. We assumed the literature val-
ues for HD 100453 (see Table 1) and fitted the SED (1 < 5 um)
with

FV =~ Bv,starQstar + Bv,distdisk (Cl)

Rstar 2
X 7By star (7) + By disk Qisk»

which yielded a simple disk temperature approximation of
1445 + 85 K with a scale factor of Qi ~ (6.83 = 1.41) x 10717
st. For these values at ~ 3.5 um the star/disk flux ratio equals
roughly = 0.11.

Star Disk Tgraq:'Halo'
6 (B) (c) 0.8 (D)
0.6 1
= 4 44 /./_,_ -
= ./' 0.4 1
W 5 /./
S / 0.21
0 M : 0.0
2 3 4 2 3 4 2 3 4
102
—— Total (A)
—-= Inner Disk ° LIPS
-=-=- Star @ P
> 10! Tgrag Model ©
Ty
100 - A3 A5
] wa A4
100 101 102

Wavelength (um)

Fig. C.1. Panel A: Spectral energy distribution of HD 100453 compiled
from various facilities. Panels B and C: Fitted blackbody curves corre-
sponding to the central star (B) and inner disk (C), respectively, using
the stellar parameters from Guzman-Diaz et al. 2021. The flux from
the best-fit temperature gradient model is also included (see Table 4).
Panel D: Contribution from the extended ‘halo’ component. The blue
highlighted area corresponds to the wavelength range probed in this
research.

Appendix D: Reliability of uncertainties in infrared
interferometry

Figure D.1 shows the corner-plot of one of the MCMC fits which
was used for Table 4. Typically IR interferometry reports the
error estimate on fitted parameters as the 16% — 84% intervals
from settled MCMC chains. An important underlying assump-
tion is that this assumes the measurement errors are independent
and Gaussian distributed. However, this method is flawed as
interferometric observables, especially when working with mul-
tiple spectral channels, are often highly correlated and subject to
systematic errors. For example the visibilities for different spec-
tral channels on a baseline are affected by similar atmospheric
and instrumental effects in their signal, which can shift visibili-
ties sets of affected baselines as a whole up and down. Similarly
the visibilities and closure phases sharing a telescope or baseline
are also affected by correlations due to having a common signal
(Kammerer et al. 2020).

The calibrator stars used in this research have a mean limb-
darkened diameter (LDD) uncertainty of 0.6% (Cruzalebes et al.
2019), hence our disk fit size uncertainties on ¢, /I, = 0.23%
and e, /Rin = 0.37% respectively are rather optimistic. When
interpreting fit results it is important to be cautious about the
likely underestimated errors, and pay attention to trends in the
visibility derivative or residuals, as those are less affected by
this shift. Future fitting procedures could be improved by tak-
ing this correlation into account (Priolet et al., in prep.), or
using other methods such as bootstrapping to better estimate the
uncertainties in model parameters (Lachaume et al. 2019).
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Fig. D.1. Temperature gradient model best-fit MCMC chains, for R, = 10 AU, after removing burn-in to the combined PIONIER, GRAVITY &
MATISSE datasets. Nygjkers = 25, Nyzeps = 2000 after burn-in; see Table 4.

Appendix E: MATISSE/GRAVITY comparison of
closure phases on the same nights

Figure E.1 shows a comparison of how the simulated closure
phases for the skewed ring look in practice. From both visual
inspection and the y2-maps it is clear that the Ogyps ~ 92° rep-
resents the MATISSE data much better than the best fit value
Ogwpa ~ —173° from the GRAVITY fit, and vice versa for the
GRAVITY data.
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Fig. E.1. Direct comparison of the GRAVITY and MATISSE closure phase observations taken on two overlapping nights, 24 and 25 January 2021
(= 59238.5 MJD). Panels A-D: Measurements for the four sets of baseline triangles, with an inset plot in the corner showing the corresponding
(u,v) coordinates in meters. The solid line shows our binned data, while the dashed and dotted line show the simulated data of the best-fitted
skewed ring for these dates with corresponding Ogwpa for MATISSE (~ 92°) and GRAVITY (= —173°) respectively; see Fig. 7. Panels E and F:
The y2-maps for the fitted asymmetry parameters, together with a representation of the best-fit direction for the respective bands.
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